We address the propagation properties of short, noisy pulses in the spectral vicinity of the zero-dispersion wavelength of single-mode fibers. We present a numerical propagation model that includes amplitude fluctuations by introducing a Gaussian statistical distribution of the peak powers. Experiments that use as a source a figure-eight-shaped fiber laser terminated by various types and lengths of dispersion-shifted fiber confirm the calculated propagation properties. We demonstrate the dependence on mean peak power, on noise, and on fiber length of the spectral and temporal evolutions of the propagating pulses. © 1997 Optical Society of America [S0740-3224(97) 
INTRODUCTION
Nonlinear propagation of short pulses, in particular of solitons, in the zero-dispersion wavelength region of single-mode fibers has been the object of much interest in the past decade [1] [2] [3] [4] [5] [6] and has been investigated in relation to low-power ultrashort soliton formation and compression 3 as well as to the extension of the useful wavelength range of ultrashort-pulse sources 1, 6 by exploitation of fiber nonlinearities.
Experimental confirmation of propagation models requires, by its nature, the addition of noise, mainly peak-pulse-power fluctuations, to the pulse propagation model. This is particularly so when experiments use convenient fiber-based lasers or color-center lasers, both of which are known to suffer from noise. 7 Previously published research on noisy pulse propagation in the zero-dispersion region was concerned mainly with noise added through amplification coupled to nonlinear effects, [8] [9] [10] especially in long-distance transmission for which many amplifiers are used in cascade.
In this paper we describe numerical and experimental studies of the consequences of fluctuations in pulse peak power to the single-pass pulse evolution of subpicosecond pulses near the zero-dispersion wavelength, where the pulse fluctuations originate from the source. First we present a numerical model for determining the average spectral behavior of fluctuating pulses when the statistical distribution of injected peak powers is known. A few calculated examples are presented for the case of a Gaussian distribution of peak powers. Next we apply our model to fit successfully the results of two experimental cases involving propagation of pulses from passively mode-locked fiber laser sources.
PULSE PROPAGATION IN LOW-DISPERSION FIBER: NUMERICAL MODEL
Here we describe the model that we used to simulate pulse propagation under various conditions.
A. Ideal Pulse Propagation
Before considering the effects of fluctuations in pulse power on the propagation of a train of pulses through dispersion-shifted fiber, we consider the propagation of a single, intense, short pulse through such a fiber. The propagation along the fiber is described by a generalized propagation equation that includes higher-order dispersive and nonlinear terms
where A is the pulse envelope in the slowly varying envelope approximation, ␥ is the nonlinearity coefficient, T R is the Raman time coefficient, ␤ 2 and ␤ 3 are the second-and third-order dispersion coefficients, respectively, ␣ is the attenuation, and 0 is the center optical carrier frequency. The evolution of a pulse 1 and the nonlinear product generated along the fiber are simulated by use of the split-step fast-Fourier-transform algorithm 1 operating on Eq. (1) . In this algorithm the fiber is subdivided intosmall sections in which the dispersion and the nonlinearities can be taken into account separately, in the frequency and the time domains, respectively. The length of the fast-Fourier-transform vector used for our calculations is 1024.
As a general example we use physical parameters that correspond to experiments described later in this paper. The simulated pulses are injected individually at 1.533-m wavelength, in the normal-dispersion region for a fiber having a zero-dispersion wavelength of 1.539 m and a dispersion slope of 0.065 (ps/km)/nm 2 . The dispersion at this wavelength thus has a magnitude of 0.39 (ps/ km)/nm, and its sign is negative. The injected pulse has the exact shape and five times the power required for a first-order soliton at a dispersion of the same value and opposite sign, namely, at a wavelength where D ϭ 0.39 (ps/nm)/km. We have taken the product of the pulse width times the peak power 2 P to equal 3.872. For peak powers of tens to a few hundred watts this means pulse durations of a few hundred femtoseconds.
The results of simulations of spectral and temporal evolutions for input peak pulse powers ranging from 30 to 350 W are shown in Fig. 1 and 2 for various lengths of dispersion-shifted fiber. Figure 1(a) has a different scale from the other figures to illustrate the fact that the pulses have different spectral widths, inversely proportional to their peak powers. From Fig. 1 and 2 we learn that the pulses clearly show spectral splitting at the zerodispersion wavelengths and nonlinear transfer of energy to the product pulse in the anomalous-dispersion region. The higher the peak energy of the injected pulse, the farther the two split apart. Once the pulses have split apart, the parent pulse remains at the same wavelength for different lengths of fiber and exhibits the expected dispersive pulse broadening. When the original pulse energy is sufficiently high, the product pulse formed in the anomalous-dispersion region exhibits a Raman selffrequency shift 1 and shifts to longer wavelengths. The temporal evolution of a pulse that has a peak power of 110 W is shown in greater detail in Fig. 3 , together with the evolution of the original (parent) pulse in the normal-dispersion region. The product pulses initially formed have approximately the same width as the parent pulse; however, they broaden and then narrow as they propagate along the fiber, until they form a stable fundamental soliton. 6 In general the stable product pulses formed, in this power range, are of approximately the same width as the original (parent) pulses. Note that, because the peak-power-pulse-width product is kept constant and the peak power is five times that required for formation of solitons in fiber that has the stated dispersive conditions, the higher the peak power chosen, the wider the original pulse spectrum and the narrower the pulse width.
B. Effect of Fluctuations in Pulse Power on the Average Spectral and Temporal Behavior
We consider next a noisy pulse source emitting a train of solitons with arbitrary pulse-to-pulse peak-power fluctuations that have some Gaussian distribution. One can now obtain the average spectrum either by performing the simulations described above many times (each time guessing a value for the pulse power with a Gaussian random number generation) or alternatively by choosing a representative pulse power in each interval of pulse powers and weighting it by the corresponding representative Noylender et al.
Vol. 14, No. 11 / November 1997 / J. Opt. Soc. Am. Boccurrence of pulse powers in that statistical interval. In both cases the unweighted or the weighted pulse-power spectra can be summed to yield an indication of the average spectrum. The latter approach is chosen here because with it the computational difficulties are vastly reduced. The spectra of the individual pulses are weighted to correspond to a Gaussian distribution function and added to produce the final spectra shown in Fig. 4 for a Gaussian distribution around a mean power of 90 W and three distributions around a mean power of 180 W. In the first case the standard deviation is 27 W and in the other cases it is 18, 36, and 54 W, respectively. The central peak in the three-peak structure shown in Fig. 4(a) is the result of dispersive residues' remaining at the zero-dispersion region after pulse splitting has occurred. At longer lengths of fiber we see spectral components building up at the zero-dispersion wavelengths because this frequency is phase matched to the other frequencies, i.e., as a result of four wave mixing. This long-distance phenomenon is seen in Figs. 1 and 4(a)-4(c) as well. The main contributors to the central structure at shorter fiber lengths are pulses that have lower peak powers. There are fewer such pulses in the cases shown in Figs. 4(b)-4(d), which explains why this structure is more pronounced in the particular statistical case shown in Fig. 4(a) .
When considering the temporal evolution of the pulses, we are concerned mainly with the product pulse, because the parent pulse broadens and disperses. The temporal evolution of the product pulses is affected in several ways by the fluctuations in pulse power. The calculation assumes that the injected pulses maintain a constant soliton pulse-width-power product while they have a sech pulse shape. Hence the initial injected pulse width var ies with power. The power fluctuations also affect the efficiency of energy transfer to the product pulse and thus the peak power of that pulse. Also, because the higher the energy of the parent pulse, the longer the wavelength of the product pulse, the associated dispersion is larger, so the nonlinear products of pulses that have different peak powers travel at different velocities through the fiber. Hence the pulse-shaping mechanisms of the respective products also differ. For high-peak-power pulses, the soliton self-frequency shift also becomes a factor.
In Fig. 5 the calculated average pulse widths for the product pulses are shown; the averaging was obtained by use of a Gaussian distribution function with mean 90 W and standard deviation 27 W, i.e., the same weighting function as in the spectral calculations corresponding to Fig. 4(a) . For comparison with measured data we need, however, to include the spontaneous-emission contribution of the laser that results from the relatively large threshold gain dictated by the cavity losses. This point is addressed further in Section 3.
We have thus presented a model for predicting the power spectrum for a pulse train that has a known statistical distribution after propagation in various lengths of dispersion-shifted fiber. We can now apply this model for fitting measured results, as discussed in Section 3.
EXPERIMENTAL SETUP AND RESULTS
The experimental setup that we used consists of a passively mode-locked figure-eight-shaped laser, 11, 12 followed by various lengths of dispersion-shifted fiber, as shown in Fig. 6 . The figure-eight laser structure is based on the nonlinear amplifying loop mirror (NALM; Fig. 6 , left) with a 10-m-long erbium-doped fiber gain medium pumped at 0.98 m and 24 m of conventional single-mode fiber with a dispersion of ϳ20 (ps/nm)km. The outer loop (shown on the right-hand side of Fig. 6 ) couples the light from the NALM back to the input port of the 50:50 coupler via an optical isolator. No polarization-preserving fibers or components are used. Instead, two polarization controllers, one at each loop, are employed to phase bias the NALM to a transmission mode of operation.
The laser was used in both a tunable and a fixedwavelength configuration; in the latter case the 10-nm filter was omitted. With moderate pump powers of 50-100 mW and careful adjustment of the polarization controllers, the laser yielded mode-locked operation at its fundamental repetition rate with only one pulse circulating in the cavity. The measured autocorrelation for the pulses emitted by the laser was ϳ270 and ϳ350 fs in the fixed and the tunable cases, respectively. The peak-power distribution was characterized by single-streak measurements with a detector at the 10% output of the output coupler and an oscilloscope. The measured traces revealed fluctuations in the peak power of the emitted pulses, which may correspond to the type of pseudorandom behavior described in Ref. 10 . Two typical measured distributions are shown in Fig. 7 , the first corresponding to relatively low noise operation (obtained in the fixed-wavelength case) and the second to a noisy laser operation that is typical of the tunable configuration. In both cases the plots represent the statistical distribution of the peak powers of the emitted pulses as obtained from 1000 single-streak peak-power measurements. Note that the statistical distribution in the lower-noise case is similar to the Gaussian distributions chosen as an example in the calculations described in Section 3. A Gaussian distribution will thus be used in the numerical fit in this case.
The spectral evolution measurements for the laser in the fixed-frequency and tunable configurations are shown in Figs. 8 and 9 , respectively, together with their numerically obtained fits. Figure 8 describes the case in which the laser was operated in the fixed-frequency configuration and the spectra correspond to pulses that were injected at a wavelength of 1.533 m into a dispersionshifted fiber with a zero-dispersion wavelength at 1.539 m. In the experiment described in Fig. 9 the pulses were injected at two different wavelengths, one above [ Fig. 9(b) ] and one below [ Fig. 9(a) ] the zero-dispersion wavelength of a dispersion-shifted fiber with a zerodispersion wavelength at 1.549 m.
The ideal conditions modeled and described in Section 2 need to be modified to account for the addition of background spontaneous-emission noise in the laser when comparison with the experimental observations is needed. The amplified-spontaneous-emission noise contribution from the laser is assumed here to have a low peak power (the average measured power from the figure-eight laser is only 2 mW) and therefore to have only slowly accumulating nonlinear interactions in the fiber. The same amplified-spontaneous-emission spectrum was thus added to the numerically calculated spectrum corresponding to each length of fiber, but with a smaller weight for longer fiber lengths. To obtain the numerical fit in the fixed-frequency case we assumed that the pulse powers have been attenuated to 25% of their value in the NALM's single-mode fiber but have maintained their soliton shapes on being injected into the dispersion-shifted fiber. This configuration corresponds to that in the cases described in Section 2 (the numerical model). A constant pulse-width-pulse-power product was maintained for the simulated pulse's peak powers and pulse widths. The pulse spectra were weighted and summed, as explained in Section 2, with the relative weighting of each spectrum (corresponding to each representative peak power) obtained from a Gaussian distribution with mean power of 90 W and standard deviation of 27 W, i.e., the same as in Fig. 4(a) , the only difference being in the addition of an estimated amplified-spontaneous-emission contribution to each length of fiber.
To obtain the numerical fit in the tunable-laser case we waived the fixed pulse-width-pulse-power product requirement. Instead the simulated injected pulses had a measured constant pulse width of 350 fs. Otherwise the approach was the same as in the first case. The pulse spectra were weighted and summed, with the relative weighting of each spectrum determined this time, for best fit. The weighted-and-averaged simulation fits and the corresponding distribution functions for these fits are also shown in Fig. 9 .
The same assumed amplifiedspontaneous-emission noise contribution from the laser was again added to the numerically calculated spectrum corresponding to each length of fiber. Here we obtained good agreement with the typical noisy laser case of Fig. 7 .
Returning to Figs. 1(b), 4(a), and 8, the spectrum of a single pulse splits so that, after propagating 500 m, it has a shape as in Fig. 1(b) . For a noisy pulse train each pulse splits differently, and the weighted sum is shown in Fig.  4(a) . However, the measured data in Fig. 8 show little if any energy in the short-wavelength portion of the total spectrum. It does show the added spontaneous emission, which may mask the short-wavelength part of the pulse spectrum. Possible explanations for this added emission are inaccuracies in exact fiber parameters (Raman constant, zero-dispersion wavelength, etc.) used for the simulations, which can change the results that in this model are highly sensitive to the values of these parameters. It is possible that a more quantitatively accurate set of parameters would shift the short-wavelength portion of the noise energy to where the spontaneous emission dominates. Hence the difference from the experimental data. . Measured (thick curves) and simulated (thin curves) spectral evolution with corresponding distributions of weights for the laser in the tunable configuration and dispersion-shifted fiber with dispersion zero at 1.549 m. Pulses were injected at wavelengths of (a) 1.545 m and (b) 1.555 m.
In Fig. 10 we show measured background-free autocorrelations corresponding to the fixed-wavelength fiber source discussed above (with the spectra shown in Fig. 8 ). The original pulse was measured after approximately 1 m of dispersion-shifted fiber, and the product pulses were measured after 500 m, 1 km, and 2 km of dispersionshifted fiber (as in Fig. 4) . We obtained the autocorrelation measurement of the product pulse by filtering the spectra shown in Fig. 8 , for each fiber length, with a 10-nm interference filter centered at 1.555-m wavelength, so the measurement resolution was actually band limited by this filter. We indeed see that the product pulses have a duration of no more than ϳ270 fs, corresponding to the bandwidth limitation imposed by the filter. Note that because the autocorrelation measurements are proportional to the square of the intensity we cannot use the same procedure as described above for estimating the contributions of pulses with different peak powers to the average autocorrelation, and we have to define our weighting functions accordingly. In practical terms, the higher-peak-power pulses will make a more important relative contribution to the average autocorrelation than to the actual average pulse width at the end of the actual fiber lengths.
CONCLUSION
We have studied, by numerical simulations and by measurements, the effect of pulse-power fluctuations on the single-pass evolution of intense short pulses in dispersion-shifted fiber at the zero-dispersion wavelength region. The power range considered corresponded to powers that can be expected from compact passively locked fiber lasers. We used our model to estimate spectra for Gaussian-distributed fluctuations of peak pulse powers. We also used our model to interpret measured results obtained from passively mode-locked fiber lasers. We obtained good agreement with the measured spectra and distribution functions. Fig. 10 . Measured background-free autocorrelations of original and product pulses along 2 km for a fixed-wavelength laser and a dispersion shifted fiber with dispersion zero at 1.539 m wavelength. The product pulses were obtained by filtering the spectra shown in Fig. 7 for 500 m, 1 km, and 2 km of fiber, with a 10-nm filter centered at 1.555-m wavelength.
